ABSrRACT PINE, MARTIN J. (Roswell Park Memorial Institute, Buffalo, N.Y.). Metabolic control of intracellular proteolysis in growing and resting cells of Escherichia coli. J. Bacteriol. 92:847-850. 1966 The cells were rapidly centrifuged and washed in phosphate buffer and carrier at high speed at 0 C, followed by shaking 3-ml samples of culture in a water bath. Protein breakdown was estimated from the passage of amino acid label from cellular protein into carrier leucine, which had been refluxed in hydriodic acid and crystallized twice from hot water to remove traces of methionine and other contaminating amino acids. Incubations were terminated by boiling for 1 min in 0.2 ml of 50% citric acid, which precipitated over 95% of the protein. After washing with 10% trichloroacetic acid and with alcohol, the protein was briefly boiled with 0.03 ml of 0.5 M NaOH, diluted with 0.5 N NH40H, dried on a planchet, and counted in a thin-window, low-background flow counter. The accumulated leucine-l-C'4 of the acidified culture supernatant fluid was decarboxylated overnight at 45 C in the outer well of a microdiffusion dish with 100 mg of ninhydrin in 1 ml of methyl Cellosolve; the evolved CO2 was collected in 0.5 ml of 0.2 N NaOH in a 2.5-cm diameter stainless-steel planchet in the center well. The NaOH was protected from prolonged exposure to laboratory air. Breakdown, calculated as the amount of protein radioactivity that becomes susceptible to ninhydrin decarboxylation, agreed within 10% with previous estimations of turnover, based on the incorporation of exogenous radioactivity into cellular protein in the absence of net growth (6).
The intracellular turnover of protein in nonproliferating Escherichia coli is a kinetically heterogenous process comprising the breakdown and resynthesis of broad spectra of protein populations (6) . With such diversity, the assignment of characteristic cellular turnover rates is problematical, and past treatments of turnover as a homogenous process bear re-examination. In former studies, protein turnover in microorganisms has been considered characteristic of, if not peculiar to, the nonproliferating cell, becoming gradually suppressed by the time active cellular growth has progressed (3, 4, 5, 9, 10) . Such studies did not consider the extent to which selection among a variety of stores of cellular protein could affect the appearance of protein breakdown. With such considerations, intracellular proteolysis appears to be as much a function of growth as it is of growth arrestment, where the difference in the two states is in the choice of substrates for breakdown.
MATERIALS AND METHODS
The methionine-requiring strain 113-3, the leucinerequiring strain GL, and the uracil-requiring strain 6386 U of E. coli were supplied by, or originated from, B. Davis, A. Goldstein, and A. Pardee, respectively. They were grown on a minimal medium containing 500 mg of NH4Cl, 30 mg of Na2SO4, 100 mg of MgCl2, 0.1 M Na and K phosphate buffer (pH 7.0), 30 mg of required amino acid or 10 mg of uracil, and 5 g of glucose per liter. Cultures were used at onesixth to one-third of their final turbidity. Exposure to L-leucine-l-C14 was terminated by the addition of ice. The cells were rapidly centrifuged and washed in phosphate buffer and carrier at high speed at 0 C, followed by shaking 3-ml samples of culture in a water bath. Protein breakdown was estimated from the passage of amino acid label from cellular protein into carrier leucine, which had been refluxed in hydriodic acid and crystallized twice from hot water to remove traces of methionine and other contaminating amino acids. Incubations were terminated by boiling for 1 min in 0.2 ml of 50% citric acid, which precipitated over 95% of the protein. After washing with 10% trichloroacetic acid and with alcohol, the protein was briefly boiled with 0.03 ml of 0.5 M NaOH, diluted with 0.5 N NH40H, dried on a planchet, and counted in a thin-window, low-background flow counter. The accumulated leucine-l-C'4 of the acidified culture supernatant fluid was decarboxylated overnight at 45 C in the outer well of a microdiffusion dish with 100 mg of ninhydrin in 1 ml of methyl Cellosolve; the evolved CO2 was collected in 0.5 ml of 0.2 N NaOH in a 2.5-cm diameter stainless-steel planchet in the center well. The NaOH was protected from prolonged exposure to laboratory air. Breakdown, calculated as the amount of protein radioactivity that becomes susceptible to ninhydrin decarboxylation, agreed within 10% with previous estimations of turnover, based on the incorporation of exogenous radioactivity into cellular protein in the absence of net growth (6) .
All incubations of cells were at 37 C. Departures from the outlined procedures are specified in the text. Further details of handling the organisms and determining radioactivity have been described (6) . RESULTS Product ofprotein catabolism. Virtually the sole product arising from the endogenous decomposition of protein labeled with leucine-l-C"4 was free amino acid. This was evident when cells were labeled for 5 min during ammonia starvation, at which time a large population of unstable proteins were synthesized. During and after 2 hr of subsequent starvation breakdown, only a negligible and unchanging fraction of the activity in the cells or in the medium was both trichloroacetic acid-soluble and inert to ninhydrin and, thus, was suspected to be low molecular weight polypeptide.
Breakdown of protein by resting and growing cells. A uniform rate of protein breakdown by starving E. coli cells ensued after it was labeled throughout growth and then equilibrated for 30 min in starvation medium (5). This measurement gave only the breakdown rate of an average cellular protein; the most active substrates were not registered. On the other hand, pulsed labeling ( Fig. 1) was concentrated in the cell proteins that turned over more actively in proportion to their more frequent resynthesis. The initial breakdown of this label, which gave the maximal catabolic rate for the cell protein (6), was little affected by growth or starvation (Fig. 1) . A subsequent decline in the breakdown of the remaining label in both curves was expected from the heterogeneity of the cell proteins, with the preferred substrates becoming replaced by unlabeled ones. After the initial course of proteolysis, the continued progress of starvation breakdown might reflect secondary events rather than the completion of an initially set pattern; thus, it is not easily compared with the steadier growth development. Breakdown did apparently fall off more rapidly in growing than in resting cells, even toward the end of growth, but this was not because of decreasing catabolic activity. Rather, the cellular reserves utilized differed during the two physiological states, as is evident in Table 1 where long-term effects of starvation were eliminated. Growing cells catabolized fresh protein label at a rate near that of starving ones, but became less than half as active with older, more stable label. In addition, a sample of the growing culture of Fig. 1 was harvested 5 hr after labeling and was found to decompose 0.2% of its label in 30 min when growth continued, as opposed to 0.83% or four times as much when starved of NH3 and methionine. Thus, although maximal breakdown was maintained in growth, it was confined to protein populations that were reduced progressively to one-half to one-quarter of the reserve of the starving cell. This decrease in reserve had to be compensated for by its more frequent regeneration during growth, to account for its persistent high rate of proteolysis. In Table 2 , the short-term turnover of resting and growing cells was compared for their similarity under different nutritional conditions. After growth labeling, breakdown was suppressed to only a minor extent, ca. an average of 33 %, when growth was allowed to continue. In all cases, the immediacy of resumed b Original growth medium with 667 ,g/ml of leucine carrier. Chloramphenicol was added at 200 ,g/ ml, being exposed with the cells for 2 min at 0 C before normal incubation.
¢ NH4CI and nutrient broth were omitted for E. coli GL, and methionine was omitted for E. coli 113-3.
d Cells were grown in minimal salts medium with 20 t&g/ml of leucine, with supplements of 1% Na acetate, 0.5% glucose, and nutrient broth at 5% normal strength. Leucine-J-C'4 at 104 counts per min per ml was added for 10 min before harvesting. Radioactivity of the cellular protein ranged from 540 to 1,570 counts per min per ml of medium.
e Cells were exposed, for 5 min during growth or after 30 min of starvation, to 1 jug/ml of leucine-l-C14 containing 5 X 106 counts per min per mg. Corresponding radioactivities of the cellular protein were 3,810 and 228 counts per min per ml of medium.
growth was verified from changes in cell turbidity or in radioactivity. The maximal turnover rates after labeling under the three growth conditions shown in Table 2 did not differ significantly despite the threefold variation in generation time.
It could be considered that the protease activity responsible for turnover breakdown was not preexistent but was modified, or indeed induced, by experimental manipulation. This possibility was disproved by exposing the cells in prolonged logarithmic growth to high levels of chloramphenicol that completely suppressed protein synthesis. The breakdown rate of the poisoned cells was identical to that in deficient medium (Table  2 ). Mandelstam (5) noted that protein breakdown in the presence of chloramphenicol was like that in starving cells, although starvation had been well established before breakdown was examined. The breakdown rate was also unaffected by altering the nutrilite for which the cell was starved. In additional experiments, deprivation of glucose, of amino acids, or of uracil, each of which gives immediate arrestment in cell turbidities of auxotrophic mutants for these substrates, altered the breakdown rate no more than did ammonia deprivation (Table 1) . Although some modes of starvation have been reported to have differing effects on protein breakdown over prolonged periods of time (5, 6) , these effects seem secondary.
The small population of proteins that was synthesized during methionine starvation (Table  2) is like the proteins generally produced in starvation (6) and more labile than the proteins synthesized in growth. Its breakdown was not affected by the restoration of growth.
DIscussIoN
It is evident from the results of Table 2 that intracellular protein breakdown in E. coli is a constitutive process, similar under all conditions of cellular growth and growth arrestment, provided that the breakdown is determined over short time periods from the substrate populations most actively proteolyzed. This criterion is best fulfilled with the breakdown, unaltered by growth, of the unstable starvation-labeled proteins ( Table  2 ). The appearances of repression by continued cellular growth, on the one hand, and of induction on growth arrestment, on the other (3, 4, 5, 10) , seems to reflect varying degrees of change in substrate choice for breakdown. When cell growth is stopped, the cell falls back on an expanded substrate population (Table 1) , either because the J. BACTERIOL. preferred substrates become exhausted, or because the selection of substrates is under some form of regulatory control. In the absence of growth, most enzymes, particularly those concerned with biosynthesis, are probably to varying degrees nonfunctioning because of allosteric modification or lack of substrate; the enzymes may become vulnerable to catabolism in the same manner that enzymes become susceptible to proteolysis in vitro (8) , or to catabolism in vivo (7) in the absence of substrate.
In accord with our findings, protein breakdown in mammalian cells in tissue culture had been observed as unaffected by cellular growth or growth arrestment (2) . The present findings are also in agreement with the report of Chaloupka and Liebster that cell-free proteolytic activity of resting and growing E. coli is the same, although the possibility of protease synthesis on harvesting may not have been precluded by them (1) .
In 
